Background: Glutathione peroxidase 3 (GPX3) is a selenocysteine-containing antioxidant enzyme that reacts with hydrogen peroxide and soluble fatty acid hydroperoxides, thereby helping to maintain redox balance within cells. Serum levels of GPX3 have been found to be reduced in various cancers including prostrate, thyroid, colorectal, breast and gastric cancers. Intriguingly, GPX3 has been reported to be upregulated in clear cell ovarian cancer tissues and thus may have implications in chemotherapeutic resistance. Since clear cell and serous subtypes of ovarian cancer represent two distinct disease entities, the aim of this study was to determine GPX3 levels in serous ovarian cancer patients and establish its potential as a biomarker for detection and/or surveillance of papillary serous ovarian cancer, the most frequent form of ovarian tumors in women.
Background
Epithelial ovarian cancer (EOC) is the most lethal of all gynecologic cancers and the fifth most frequent cause of female cancer deaths [1] . It is estimated that over 21,000 new cases and 13,000 deaths will be attributed to the disease in 2011 alone [1] . Although 5-year survival rates have increased over the past several decades to approximately 40%, overall mortality rates remain relatively constant [1] largely because most women present late in disease course with widespread intra-abdominal metastasis. Five-year relative survival rates drop from > 90% for disease diagnosed at an early stage to < 30% for disease diagnosed in later stages [2] .
Currently, no serum biomarker has been FDA approved for the early detection of ovarian cancer whereas CA125 and the recently approved human epididymis protein 4 (HE4) are being utilized to monitor disease progress [2, 3] . While several biomarkers/panels of biomarkers with reported higher sensitivities and specificities than CA125 are being investigated, none of these have improved upon the low efficacy of the measurement of CA125 levels in distinguishing ovarian cancer patients from controls during the asymptomatic stages of the disease [4] [5] [6] [7] [8] [9] [10] . Recently, the OVA1™ test representing a biomarker panel and analysis based on menopausal status has received FDA approval for preoperative evaluation of ovarian cancer risk in women with an ovarian mass [11] . Interestingly, levels of three of the five biomarkers, apolipoprotein, prealbumin and transferrin, decrease in women with malignancy. This suggests that the search for biomarkers should expand beyond tumor-specific overexpressed proteins.
Tumor growth results in oxidative stress, accompanied by an increase in reactive oxygen species (ROS). ROS serve as secondary messenger molecules and may result in increased cellular proliferation, an increase in genetic mutations and overall genetic instability, increased cellular invasion and angiogenesis [12] . ROS are also known to stimulate pathways that may lead to development of drug resistance in cancer cells [13] . Higher levels of ROS are, however, toxic to cells and cancer treatments often employ strategies to increase ROS production [14] . Increases in the levels of ROS also lead to the increase in transcription of antioxidant enzymes including catalase, superoxide dismutase, glutathione-S-transferase, and glutathione peroxidase [12] [13] [14] [15] [16] . Thus the differential expression of antioxidant enzymes in cancer could serve as biomarkers of disease initiation and/or progression.
One antioxidant enzyme whose expression in serum/ plasma has been correlated with various cancers is glutathione peroxidase 3 (GPX3) [17] . A number of studies have shown GPX3 activity to be downregulated in patients with breast, gastric and colorectal cancers [18] . GPX3 was also found to be uniformly downregulated in all grades of endometrial adenocarcinoma, both in rats as well as humans, irrespective of tumor grade [19] . Furthermore, sera of glioblastoma patients appear to have lower levels of GPX3 when compared to controls [20] . On a genetic level, downregulation of GPX3 via hypermethylation of its promoter has been described in human esophageal squamous cell carcinoma tissue [21] and primary prostrate cancer samples and cell lines [22, 23] .
Intriguingly, previous studies have shown that compared to control tissues GPX3 expression is higher in clear cell epithelial ovarian carcinoma tissue [24] [25] [26] . Clear cell cancers account for approximately 5% of all ovarian cancers. The most common histology of ovarian cancer is papillary serous (> 60%) and the other histologies include endometrioid (~25%) and mucinous (~5%) cancers. A proteomic analysis of women with stage IV papillary serous carcinoma who had been previously treated with surgery and chemotherapy also revealed the presence of GPX3 in their ascites fluid [27] . It is important to note that serum levels of GPX3 were not examined in either the clear cell or late-stage previously treated studies. Given that papillary serous epithelial ovarian cancer represents the majority of ovarian tumors and that no previous studies have examined serum GPX3 levels in women with this histology of ovarian cancer, we therefore hypothesized that GPX3 may represent a novel biomarker for this disease.
Materials and methods

Serum sample collection
A total of 66 serum samples from patients and 65 serum samples from controls with a comparable age-range were examined. Serum samples were obtained from three different sources: Twenty-eight (20/22 early, and 8/31 late stage) patient samples were from the Roswell Park Cancer Institute, Buffalo, NY, USA; twenty (20/65) control serum samples were commercially obtained from Bioserve Biotechnologies, Ltd. (Beltsville, MD, USA). All other samples, along with the relevant clinical data, were obtained from blood samples collected at the Mount Sinai School of Medicine (MSSM). Studies were approved by the respective medical ethics committees.
At MSSM, blood samples were collected in BD Vacutainer SST™ Plus Blood Collection Tubes (BD Biosciences, USA). Samples were spun down at 2600 rpm for 10 minutes at 4°C in Eppendorf 5810R centrifuge (Eppendorf, USA) to separate serum. Samples were then stored at -130°C until ELISA assay was performed.
ELISA assay
Commercially available ELISA kits for measuring concentrations of GPX3, manufactured by Adipogen™ and supplied by ENZO Lifesciences, USA were obtained. All samples were diluted at 1:250 ratio in buffer provided in the kit. Assays were performed as per manufacturers' instructions, using the provided standard curve reagents. Controls and samples were run in duplicate to assure consistency. Intra-sample variability was less than 10%.
Statistical analyses
A two-sided Mann-Whitney U test was performed in MATLAB R2009B (The Mathworks, Inc., Natick, MA, USA) to compare GPX3 levels between groups. A pvalue of less than 0.05 was considered to be statistically significant. All box-plots were performed using Excel.
Results
Patients
Serum samples from 66 patients with pathology-confirmed papillary serous ovarian cancer and 65 healthy controls were examined. Patient characteristics are shown in Table 1 . The median age for the patients was 62 years (range: 22-89) while that of the controls was 53 (range: 25-83). Incorporated into the analysis were clinical factors including age, stage of disease and histological grade. As shown in Table 1 , we selected for a higher number of early stage samples beyond the usual expected frequency of these cases in an unbiased population to specifically determine if there was a significant change in the levels of GPX3 in these samples.
GPX3 serum levels are lower in patients when compared to controls
A Mann Whitney U test was performed comparing GPX3 concentrations between serum from all patients and controls. GPX3 concentrations were significantly lower in patients than controls (median value of 22.4 ng/ml in patients, compared to 27.8 ng/ml in controls, p = 1 × 10 -2 , Figure 1A ). We next explored if GPX3 levels correlated with stage ( Figure 1B) . Women with late stage disease (median, 18.5 ng/ml; p = 9 × 10 -4 ) and recurrence of their cancer (median, 14.7 ng/ml; p = 1 × 10 -2 ) had significantly lower levels of GPX3 than controls. No difference was identified between women with early stage disease and controls (p = 0.6). In addition women with late stage disease (p = 5 × 10 -4 ) and recurrence of their cancer (p = 1 × 10 -2 ) had significantly lower levels of GPX3 than women with early stage disease. These results are summarized in Table 2 .
Since most ovarian cancer cases are diagnosed in postmenopausal women, we next compared the levels of GPX3 between controls and patients such that we included only women ≥ 50 years of age in each group. When stratified by age, GPX3 levels were even more significantly lower in all patients (21.4 ng/ml) when compared to controls (36.1 ng/ml; p = 3 × 10 -4 ). In this age-delimited population, the differences were again even more significant in women with late stage disease (median, 18.5 ng/ml; p = 1 × 10 -4 ) and recurrence (median, 14.7 ng/ml; p = 7 × 10 -4 ). A statistically significant reduction in levels of GPX3 in patients diagnosed with late stage (p = 5 × 10 -4 ) and recurrent disease (p = 1 × 10 -3 ) when compared to those diagnosed with early stage disease was again present. These results are summarized in Table 3 .
No statistically significant correlations of GPX3 concentrations were identified with age, ethnicity or grade of disease (data not shown). (3) 39 (59) Unknown 6 (9) Figure 1 Comparison of GPX3 levels of healthy female controls vs. women with serous ovarian cancer for women of all ages: Figure  1A shows a group-wise comparison of GPX3 in healthy female controls vs. women diagnosed with papillary serous ovarian cancer while Figure 1B shows a stage-wise comparison of GPX3 in healthy female controls vs. women diagnosed with papillary serous ovarian cancer. Star (*) denotes statistically significant decrease in GPX3 expression when compared to controls. Hash (#) denotes statistically significant difference in GPX3 expression when compared to early stage samples. Women diagnosed with serous ovarian cancer show a statistically significant decrease in the levels of GPX3. A stage-wise examination shows that there is a significant decrease in GPX3 levels in late stage and recurrent cancer. There is also a significant difference in levels of GPX3 between patients with early and late stage/recurrent disease. Table 2 Summary of data from Figure 1A and 1B 
Discussion
Using a candidate-based approach, and samples from 3 independent sources, we have identified that the serum protein GPX3, a selenocysteine-containing antioxidant enzyme, is decreased in women with serous ovarian cancer in a stage-dependent manner.
In addition, we demonstrate that serum levels are also decreased in women with recurrent disease and the stage-dependent decreases are more pronounced when patients and controls are stratified to include only those women > 50 years of age. Thus, while a number of other studies have examined GPX3 levels in a broad array of cancer (Table  4) , these studies provide the first analysis of this candidate biomarker in epithelial ovarian cancer, specifically, Figure 2 Comparison of GPX3 levels of healthy female controls vs. women with serous ovarian cancer ≥ 50 years of age (average age of menopause): Figure 2A shows a group-wise comparison of GPX3 in healthy female controls vs. women diagnosed with papillary serous ovarian cancer while Figure 2B shows a stage-wise comparison of GPX3 in healthy female controls vs. women diagnosed with papillary serous ovarian cancer. Star (*) denotes statistically significant decrease in GPX3 expression when compared to controls. Hash (#) denotes statistically significant difference in GPX3 expression when compared to early stage samples. Women diagnosed with serous ovarian cancer show a statistically significant decrease in the levels of GPX3. A stage-wise examination shows that there is a significant decrease in GPX3 levels in late stage and recurrent cancer. There is also a significant difference in levels of GPX3 between patients with early and late stage/ recurrent disease.
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the serum of women with papillary serous ovarian cancer.
Oncogenesis is associated with an increase in the intracellular levels of ROS, in turn resulting in an upregulation of antioxidant enzymes [12] [13] [14] [15] [16] . However, several studies conducted on tissue as well as blood/serum samples have shown that levels of the antioxidant enzyme GPX3 are decreased in a number of human cancers, including breast, gastric, prostrate and colorectal cancer; a seemingly contradictory effect [18] [19] [20] [21] 28, 29] . A number of recent studies in clear cell ovarian cancer tissues conducted by others have identified a higher expression of GPX3 when compared to control cells and in other epithelial ovarian cancer histologies [24] [25] [26] . This not only suggests a potential anomaly but also could have therapeutic consequences since higher levels of GPX3 have been shown to confer chemotherapeutic resistance in cells [25] . The only other study performed in papillary serous cancer examined the ascites fluid of women with advanced stage disease after their treatment with surgery and chemotherapy and who were being treated for removal of an accumulation of ascites fluid [27] . Since serous ovarian cancer represents the most common epithelial ovarian cancer histology, we wanted to specifically examine the serum levels of this epithelial ovarian cancer subtype.
Our results demonstrate that serum GPX3 is downregulated in serous ovarian cancer. More importantly we identified a statistically significant difference in GPX3 levels between early and late stage/recurrent patients, suggesting that GPX3 may serve as a biomarker of Comparison of samples ≥ 50 years indicates that GPX3 levels significantly decrease in patients and are correlated with stage with an even greater statistical significance than that seen in Table 1 . p-values indicating statistically significant differences are shown in bold. disease progression. These differences reach greatest statistical significance when patients/controls are stratified to include only women above 50 years of age, the age at which most cases are diagnosed. It is interesting to note that inspection of our MSSM cohort identified a patient for whom GPX3 levels seemed more indicative of disease status than CA125. Specifically, one of our 58 year old women with stage IIIC disease had a CA125 level of 32.3 U/ml (within normal limits) but a low GPX3 level (17.7 ng/ml). It will therefore be interesting in the future to evaluate if GPX3 could be coupled with CA125 or other candidate biomarkers to increase their sensitivity and specificity.
Under normal conditions, ROS play a role in signal transduction [12, 13, 16] . However, higher levels of intracellular ROS can lead to increased DNA mutations that have been associated with increased carcinogenesis [12, 13] .
Cellular studies indicate that GPX3 physiologically serves as a first line of defense reducing ROS to harmless species prior to their entry into the cell [29] . While our studies clearly define decreased serum GPX3 levels in women with ovarian cancer, we are not able to distinguish whether the decrease may represent a risk factor for the development of the cancer or simply represents a systemic response to the disease. If the decrease is a risk factor, could GPX3 be used as a screening tool or could increases in GPX3 reduce lifetime risk? Similarly, if the decrease represents a response to the disease, do patients with different GPX3 levels have different disease outcomes or health sequelae? For example, in a study on critically ill patients in an intensive care setting, decreased GPX3 levels were associated with a systemic inflammatory response syndrome (SIRS) [30] . Thus important future studies will be validating these results and in exploring the role of GPX3 in cancer initiation, progression and outcome.
In conclusion, this study demonstrates that serum GPX3 levels are reduced in papillary serous ovarian cancer patients when compared to controls and that, at least in one instance, decreased levels of GPX3 may provide additional diagnostic information beyond CA125. 
